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In addition to a set of standard pricing factors, this paper uses two representative countries of the core and periphery, Germany and Greece, to investigate the role of countrysovereign risk in driving the dynamics of bond markets. This is done within a heterogeneous agents framework where the …rst type of agents re ‡ects arbitrageurs trading on the long-run relationship between the bond spread and the underlying sovereign risk di¤erential. While the bond spread is de…ned as the di¤erence between the respective bond yield and the riskfree interest rate, the sovereign risk is measured by the spread of the Credit Default Swap (CDS). As Du¢ e (1999) points out, excluding other costs, a theoretical no-arbitrage condition implies that the CDS spread should have the same value as the related bond spread.
In the short run, however, the two spreads may deviate from each other and create pro…t opportunities for arbitrageurs. Instead of looking at the long-run relationship between the bond and CDS spreads the second type of agents, so-called risk traders, makes use of the simultaneous change of CDS spreads to trade the sovereign bond. The third type of agents, called chartists, trade on historical movements of bond spreads, while the fourth group of agents trade on the historical movement of the other bond market. We call these agents inter-market traders.
Our paper contributes to the growing literature of heterogeneous agents models (HAM) investigating the interactions of multiple markets. Westerho¤ and Dieci (2006) In addition to the typical agents of fundamentalists and chartists, they report the existence of inter-market traders whose decisions are based on foreign factors. Dieci and Westerho¤ (2010) develop a HAM model of two stock markets connected by a foreign exchange market to investigate the spillover e¤ects between the two. Huang and Chen (2014) propose a twomarket model and theoretically prove the existence of market cross-correlation. Schmitt and Westerho¤ (2014) calibrate a number of stylized facts of and between international stock markets based on a two-markets model. Huang and Chen (2015) examine the price dynamics of a system consisting of multiple markets. The introduction of coupling e¤ects results in the formation of market clusters. Frijns and Zwinkels (2015) investigate the interactions between the bond and CDS spreads in the European sovereign debt markets. To our best knowledge, we are the …rst to investigate the European sovereign bond markets and their mutual interaction using a smooth regime-switching model. Besides the in ‡uence from the CDS to the sovereign bonds, we also investigate the time-variant substitution and spillover e¤ects between the German and Greek sovereign bonds.
We capture the time-varying e¤ect of di¤erent trader activity by employing CDS spreads to model the in ‡uence of high and low risk environments on sovereign debt markets. CDS spreads as an environment risk factor play a role similar to that of stock market uncertainty as studied by Connolly et al. (2005) for …nancial markets. The empirical analysis is based on
Smooth Transition Autoregression (STAR) framework which has been employed to investigate asset pricing and expectation formation in an increasing number of applications. For instance, Reitz and Westerho¤ (2007) Leppin and Reitz (2014) also apply the same model of PSTR to study the changing market environment on the pricing of CDS spreads.
The estimated threshold values from our STAR estimation mark the boundary of the regimes while their interceptions with the transition variable correspond to the dates of the regime switching, suggesting the beginning or end of high and low risk periods. In this sense, the threshold dates contain information for the timing of crisis periods. In order to evaluate the accuracy of crisis identi…cation we compare our results with the generalized sup ADF test (GSADF) as suggested by Phillips et al. (2015) . To detect the origination and termination of multiple bubbles the authors apply their test to the S&P 500 over more than 140 years and manage to identify the widely known historical bubbles and crashes. In our empirical agent-based model the GSADF technique is applied to German and Greek bond spreads. It is revealed that the German sovereign bond is free of crisis events during the sample period, while the Greek sovereign bond exhibits multiple crises. We compare the threshold dates implied by our STAR estimation with the crisis beginning dates from the GSADF for the
Greek sovereign bond. The threshold dates indicate that the Greek sovereign bond enters the risky period immediately after the bankruptcy of Lehman Brothers. In contrast, the GSADF does not capture the bankruptcy of Lehman Brothers. However, it still manages to identify some surging episodes within the period of the Euro debt crisis. Therefore, our estimation of STAR can provide additional information for the crisis detection and identi…cation.
The rest of the paper is organized as follows. Section 2 presents our empirical model. Section 3 describes the data and speci…cation of the model. Section 4 presents the estimation results. Crises identi…cation and date-stamping are discussed in Section 5. Lastly, Section 6 concludes our paper.
EMPIRICAL MODEL
In this section, we develop a model for the dynamic interaction between the German (denoted as Ge) and Greek (Gr) sovereign bonds by taking into account market risk, chartist trading, interactions between bond markets and a time-varying market environment.
The yield of a sovereign bond i = Ge or Gr can be decomposed into two components:
a risk-free rate and a risk premium. The bond spread BS i;t is de…ned as the di¤erence between the bond yield and the risk-free rate. Meanwhile, the sovereign CDS market trades the risk of sovereign bonds. Therefore the risk premium of the sovereign bond i at time t can be captured by the spread CDS i;t . Theoretically, it is expected from the no-arbitrage condition that the CDS spread can fully explain the bond spread, i.e.,
Consequently, the same applies for simultaneous changes of the spreads
where BS i;t = BS i;t BS i;t 1 and CDS i;t = CDS i;t CDS i;t 1 . However, due to market limitations and the friction of the …nancial markets, the spread changes of bonds and the CDS often diverge from each other, i.e.,
In light of the discrepancy between BS i;t and CDS i;t , it is still possible to have a longrun relationship between the two variables BS i;t and CDS i;t . The long-run relationship can be captured by the error term from the cointegration relationship
The …rst group of investors in the bond market trades with respect to the observed error terms and is called arbitrageurs. Their excess demands in market i at time t are formulated as D a;t = c a ERR i;t 1 .
A negative c a indicates that arbitrageurs believe that the error term will decline, while a positive one means that arbitrageurs expect the error term to increase further. The second group of traders, risk traders, also make use of CDS information for trading. Ideally, BS i;t
and CDS i;t should move together in the same direction. The risk traders monitor the change of CDS, CDS i;t , and trade simultaneously. Their excess demands are
Other investors in the debt markets make use of information other than CDS for their trading. One of the groups of traders consists of chartists whose trading decision is based on past spreads changes BS i;t k , where k = 1; 2; ::: is the lag order. Excess demands of chartists in market i are
Besides that, in the context of market integration, ‡uctuations in one market may a¤ect the movements of other markets. In the extreme case, these inter-markets interactions exhibit themselves as crises spillovers. While investigating the contagion during the Asian crisis, De Jong et al. (2009) …nd that the past returns of Hong Kong's and Thailand's stock markets a¤ect the returns of the other respective market. Therefore, a fourth group of so-called intermarket traders is introduced to take the past spread changes of the other sovereign bond j, BS j;t k into account. Excess demands of inter-market traders in a market i at time t are
Adding up the excess demands of the four trader groups leads to the linear model for the bond spread change
where vector X i;t contains the past error term ERR i;t 1 , the current spread changes of the CDS i, the past spread changes of bond i and j. The vector 0 contains the respective coe¢ cients.
In order to allow the trading behavior to be di¤erent in highly volatile periods as found in Connolly et al. (2005) we model the structural coe¢ cients in a time-varying fashion by introducing a smooth transition between the two extreme regimes
where g (q t ; ; c) determines the transition between the two di¤erent regimes. The transition function may be either logistic or exponential and is de…ned as
where c r or c is one of R location parameters, R = 1 or 2; is a transition parameter measuring the speed of transition between regimes whereas q t is the transition variable.
The choice of the transition function will be determined by the econometric speci…cation in the sequel. For either form of the transition function g (q t ; ; c) is bounded between 0 and 1, resulting in regression coe¢ cients between 0 and 0 + 1 . The parameter R determines the speci…c form of the logistic transition function. For R = 1, the logistic form g (q t ; ; c)
is a monotonous function of the transition variable q t , whereas for R = 2, g (q t ; ; c) is symmetric around the location point (c 1 + c 2 ) =2. The coe¢ cient determines the speed of transition to include the corner solutions 0 and 0 + 1 for ! 1. It is also noted that for ! 0, the solution collapses to 0 + 1 2 1 (logistic form) or 0 (exponential form). The transition variable q t of this model measures the environment of the market with the candidate variables of CDS i;t or CDS j;t indicating the risk.
DATA AND MODEL SPECIFICATION

Data
We obtain daily CDS data for 10-year German and Greek sovereign bonds through Markit. The US dollar CDS contracts are chosen due to their better liquidity. The sample period is from 01/01/2007 to 12/31/2011, due to massive outlier problems in 2012. In the extreme case the Greek CDS spread exceeds 10,000 basis points. Data thereafter is unavailable. We also collect the daily risk-free interest rate and the yields of 10-year German and Greek sovereign bonds through Datastream. The risk-free interest rate r f t is measured by the interest rate swaps on EURIBOR with a 10-year maturity. The di¤erence between the bond yield and the risk-free interest rate is our bond spread BS i;t . In this paper, the bond spread and the CDS spread are denoted in percentages. Fig. 1 
Model Speci…cation
The aim of this subsection is to investigate nonlinearity in the daily spreads of sovereign bonds with the appropriate model speci…cations. To cope with the heteroskedasticity in the changes of bond spreads, we apply the STR-GARCH procedure originally proposed by Lundbergh and Terasvirta (1998 
1 exp (q t c) 2 , exponential form.
(3)
where " i;t = t p h i;t and t iidN (0; 1). The parameter vector 0 measures the time- In view of the potential simultaneous bias between BS i;t and CDS i;t , we apply instrumental variables of lagged CDS i;t with lag order up to 8 for the variable of CDS i;t .
After that, we follow the procedure of Terasvirta (1994) to determine the model speci…cation.
First, we use the Akaike Information criterion (AIC) and the Bayes information criterion (BIC) to choose the appropriate lag order k of the linear models. For Germany, AIC and BIC suggest di¤erent values: k = 2 and k = 1 respectively. For the sake of parsimony, we follow BIC and choose k = 1. Similarly, for Greece, AIC and BIC also suggest di¤erent values, k = 9 and k = 1 respectively. Again, we follow BIC and set k = 1. Second, we test linearity against STAR alternative using the lag order k for individual German and Greek bonds. To perform this test, we conduct the following auxiliary regression based on the Taylor approximation around = 0:
The nonlinearity test can also determine the functional form of the transition function as well as the order R by testing H 03 : 3 = 0, H 02 : 2 = 0j 3 = 0 and H 01 : 1 = 0j 2 = 3 = 0.
Following , in case of strongest rejection of the hypotheses H 01 or H 03 , the logistic transition function with R = 1 is chosen. If the rejection of the hypothesis H 02 is the strongest, either logistic transition function with R = 2 or exponential form is chosen. In practice, usually the logistic form is chosen …rst followed by a test for c 1 = c 2 after estimation. If c 1 = c 2 cannot be rejected, the logistic form is valid. Otherwise, the exponential form is preferred for the estimation. For each sovereign bond, we evaluate the CDS spread for Germany and Greece as a transition variable. For both sovereign bonds the linearity is rejected and the transition function is logistic with R = 1 for all the cases.
ESTIMATION RESULTS
We use Eviews programming for maximum likelihood estimations. As the assumption of conditional normality is not satis…ed, a heteroskedasticity consistent covariance is applied to calculate robust parameter estimates. Following Terasvirta (1994) , the estimation is carried out by …rst …xing the transition parameter followed by a completed estimation. Using CDS Gr as a transition variable, the estimation results are similar to the ones using CDS Ge . The implied threshold date is 10/16/2008, close to the one suggested by CDS Ge .
As shown in Fig. 3 , the transition function based on CDS Gr switches more abruptly due to the large values of CDS Gr . In our estimation for the German and Greek sovereign bonds, we also conduct likelihood ratio tests for the transition parameter . The tests are highly signi…cant for all cases, further con…rming the existing of the nonlinear component. To summarize, our estimation results suggest the existence of risk traders, chartists and inter-market traders in the German sovereign bond market. Chartists have a mean-reversion belief. Inter-market traders are responsible for the substitution e¤ect in low-risk periods.
The contribution of inter-market traders to the substitution e¤ect is weakened in the highrisk period as they also impose the spillover e¤ect from the Greek sovereign debt market.
On the other hand, risk traders in the Greek market are inactive while arbitrageurs are observed. Arbitrageurs correct the error of the long-run relationship between the sovereign bond and the CDS, especially in the high-risk period. Chartists follow a mean-reversion belief in normal times and a positive-feedback one in the high-risk period. Inter-market traders are responsible for the substitution e¤ect from the German sovereign bond market.
CRISES DETECTION
In this section we apply the GSADF technique of Phillips et al. (2015) to detect any potential crises/explosive events in the German and Greek sovereign bonds. The GSADF is designed to detect the existence of multiple crises or bubble formation with an explosive behavior for a time series using the classic wisdom of ADF unit root test. For a given time series y t , the null hypothesis has the weak intercept form as
where d is a constant, T is the sample size of the time series and the localizing parameter > 0:5 makes y t a process following a pure random walk. The crisis detection involves a rolling time window ADF test starting from the r 1 fraction of the total sample T and ending at r 2 fraction, where r 2 = r 1 + r w and r w > r 0 is the fractional window size. The empirical regression model can be written as
where k is the ( ADF r2 r1 .
Following the recommendations in Phillips et al. (2015) , we set r 0 = 0:01 + 1:8= p T , d = = 1 and use the Eviews add-in developed by Caspi (2013) to detect any crisis in the German and Greek sovereign bonds during the sample period. As shown in Although GSADF can still capture some explosive episodes in the sample periods, those events are sub-events of the crises. GSADF does not manage to identify the critical event of Lehman Brothers which marks the beginning of the deterioration of the Greek sovereign bond.
Our STAR regression on BS Gr has already shown that ERR Gr;t 1 has an overall negative coe¢ cient for the error correction, implying a certain comovement between BS Gr and CDS Gr . The better …tting of the coincidence of threshold dates suggested by CDS Gr and CDS Ge for the deterioration of BS Gr immediately after the bankruptcy of Lehman Brothers in 2008 further evidences the predictive power of CDS for the crisis of the sovereign bond. From the perspective of crisis detection, our result highlights the value and potential of using additional measures such as CDS to improve the accuracy of crisis detection of GSADF.
CONCLUSION
We develop an empirical agent-based model to investigate the dynamics of German and
Greek sovereign bond markets. Traders in the markets make use of CDS information as well as the historical movement of the domestic and foreign government bonds. There is no cointegration relationship between the German sovereign bond and its CDS while a long-run relationship is found for the Greek variables. The missing long run relationship between the German bond spread and its CDS indicates a certain friction or limitation of the markets.
Although a long run relationship is found in Greek markets, market friction still exists as the CDS spread is not equal to the bond spread. The existence of inter-market traders in the European sovereign bond implies a certain integration of the European markets. This market integration can be further evidenced by the capability of both German and Greek CDS in a¤ecting the sovereign bonds, especially in the Greek sovereign bond market.
Using CDS spreads as transition variables, our smooth transition regression shows that agents vary their behaviors in periods of high risk and normal times. In the German sovereign bond market, risk traders are found only in the case of using the German CDS as a transition variable. They seem to trade in a way contrary to the simultaneous change of the CDS, contradicting the theoretical priors. Their trading aligns with the simultaneous CDS change when we use the Greek CDS as a transition variable, but the coe¢ cient is insigni…cant.
Chartists always have a mean-reversion belief. Inter-market traders behave di¤erently in di¤erent periods. Their trading using information from the Greek bond market creates a substitution e¤ect in the normal time. The substitution e¤ect is weakened in the high risk period as the inter-market traders meanwhile transmit the spillover e¤ect from the Greek sovereign debt market. In the Greek sovereign bond market, arbitrageurs are active while risk traders become inactive. Arbitrageurs correct the error terms towards the long run relationship, especially in the high risk periods. Chartists have a mean-reversion belief in the normal time but switch to a positive-feedback one in the high risk period. Inter-market traders always contribute to the substitution e¤ect from the German sovereign bond market.
As the German sovereign bond spread continues to decrease, trading of inter-market traders has an e¤ect of driving up the Greek sovereign bond spread.
In order to test the ability of the smooth transition regression approach in identifying crisis periods in …nancial markets we also apply the GSADF technique to the two sovereign bonds. Comparing the results from the di¤erent frameworks, we …nd that the identi…ed starting dates of the crises are di¤erent from the threshold dates from our STAR regression.
Threshold dates implied by both German and Greek CDS suggest that the Greek sovereign bond enters the high-risk periods immediately after the bankruptcy of Lehman Brothers.
In contrast, the GSADF procedure does not capture the event of Lehman Brothers but only identi…es the surging episodes within the crisis period, which indicates the limitation of GSADF in identifying the crisis formation. In this sense, the CDS provides additional information to GSADF in detecting the crisis in the sovereign bonds.
